Cross-hole electrical resistivity tomography is a useful tool in geotechnical, hydrogeological or 9 fluid/gas plume migration studies. It allows to better characterizing deep subsurface structures and 10 monitoring the involved processes. However, due to the large amount of possible four-electrode 11 combinations between boreholes, the choice of the most efficient ones for rapid plume migration 12 experiments (real-time monitoring) becomes a challenge. In this work, a numerical simulation to 13 assess the capabilities and constraints of the most common cross-hole configurations for real-time 14 monitoring is presented. Four-electrode configurations, sensitivity, dependence on the body location 15 and amount of data were taken into account. The analysis of the anomaly detection and the symmetry 16 on the sensitivity pattern of the cross-hole configurations allowed significantly reducing amount of 17 data, in order to adjust acquisition time to the length of the dynamic process to be monitored, 18 maintaining the maximum potential resolution of each configuration. The obtained results also 19 highlighted the benefit of using configurations with complementary sensitivity pattern. 20 21 Keywords: cross-hole electrical resistivity tomography, resistivity imaging, dataset optimization. 22 23 2
INTRODUCTION
the model interpretation could be uncertain. In this work, this difference is calculated by the following 1 expression: 2
where IOS: In-panel/Off-panel Sensitivity value (absolute value); : apparent resistivity value 4 obtained using a resistivity anomaly inside the panel between two involved boreholes;
: apparent 5 resistivity value obtained using the same resistivity anomaly as before but located outside the panel. 6
Two resistivity contrasts (Rc=ρplume/ρhalf space), emulating a saline (Rc=0.1) and a gas (Rc=10) 1 plumes, were considered. 
6
Panel 1 (light grey colored) represents the cross-hole measurements acquired between BH1 and BH2, and 7 panel 2 (dark grey colored), the cross-hole measurements acquired between BH2 and BH3.
9
The two panels between the three involved boreholes in Figure 1 have been grey colored to
CHERT configurations 1
In this work, we use the term "dipole", instead of "bipole", to designate the CHERT configurations 2 because of their extensive use in the surface configurations notation, but we add the prefix CH (cross-3 hole). This experiment was focused on the CH dipole-dipole (CH AM 
5
The configurations responses to the model presented in Figure 1 (stages A to C) were calculated using 6 the commercial Earthimager 2D software (AGI, Advanced Geosciences, Inc.) with a lateral extended 7
four-element mesh. The CH dipole-dipole AM-BN responses were calculated moving up and down the 8 electrodes but maintaining the distance between the electrodes A and M always equal to the B and N 9 electrodes distance, which resulted in a datasets of 5740 combinations, 2870 per panel (see Figure 1) . 10
The CH dipole-dipole AB-MN responses were calculated using all the possible distances between the 11 electrodes but using the current electrodes (A and B) distance always equal to the potential electrodes 12 (M and N) one, resulting in 5740 combinations (2870 per panel). The CH pole-tripole (AMN-B/A-13 BMN) responses were calculated using all the possible distances between the current and potential 14 dipoles but maintaining the electrodes A and B at the same depth and using five MN distances, which 15 resulted in 3080 combinations (1540 per panel). As can be seen, the AM and MN distances used do 16 not include all the possible four-electrode combinations for each configuration, however they are 17 considered the most representative combinations for each configuration. 18 19
RESULTS 20
Following, we present the results obtained by applying the proposed methodology to the CH dipole-21 dipole (AM-BN, AB-MN) and the CH pole-tripole arrays using the dynamic model presented in The AD presents a quite similar behavior for all the three configurations used (Figure 4 ). As expected, 1 the higher AD is obtained at stage A (Figure 1) , because of the plume is closer to the boreholes. When 2 the plume moves from stage A to stage C, the AD decreases and larger AM distances are needed to 3 detect the plume. Once the maximum value is reached, the AD decreases and tends to level off. This 4 decrease is rapidly accentuated when the AM distance becomes higher than the boreholes distance. 5
However, each configuration presents a slightly different AD pattern (Figure 4) : 6
7
For the CH AM-BN array, the maximums AD obtained (equation 1) at stages A, B and C are 28%, 8% 8 and 6%, respectively. In this case, a secondary AD peak is exhibit for AM distances similar to the 9 boreholes distance (10 m) as the MN distance increases. This secondary peak becomes higher than the 10 primary one at the stage B of the dynamic model. 
Resistivity contrast Rc=10 7
The procedure application results, obtained using plume bodies of 1000 ohm·m in a 100 ohm m 8 half-space, are presented below. 9 Figure 6 shows the main results obtained for the AD using Rc=10. The curves obtained using Rc=0.1 12
Anomaly detection value, AD 11
and Rc=10 (Figure 4 and 6) show that the AD follows a similar behavior in front of different resistivity 13 contrasts but with slightly different values. In general, the AD obtained using Rc=10 is slightly lower 14 than the one reached using Rc=0.1. Therefore, the results obtained using Rc=10 will be explained 1 mainly focused on the differences observed from the previous resistivity contrast. 2 3 For the CH AM-BN array, the maximums AD obtained at stages A, B and C are 16%, 9% and 8%, 4
respectively. In this case, as the MN distances increase, the secondary AD peak becomes higher than 5 the primary one at all the stages of the dynamic model. 6
7
For the CH pole-tripole array, the maximum AD obtained at stages A, B and C are 82%, 14% and 7%, 8
respectively. In this case, the maximum AD tends to level off but much slowly than it does using 9
Rc=0.1 (compare Figure 4 and 6). 10 11
The CH AB-MN array exhibits the same extremely high values as the ones obtained using Rc=0.1. 12
However, for small AM distances, the AD increases faster than using a conductive anomaly (compare 13 Figure 7 shows the main results for the IOS using Rc=10. As the AD does, the IOS follows a similar 8 behavior for different resistivity contrasts. Therefore, the results obtained using Rc=10 will be 9 explained based on the differences observed from the previous resistivity contrast results. 10
11
For the CH AM-BN array, the maximums IOS obtained at the stages A, B and C are 27%, 11% and 12 9%, respectively, which are slightly higher than the ones reached using Rc=0.1 (compare Figure 5 and 13 Figure 7 ). As the MN value increases, the maximum IOS increases.
For the CH pole-tripole array, the maximum IOS obtained at the stages A, B and C are 56%, 12% and 1 7%, respectively. In this case, the values obtained using Rc=10 are only higher than the ones reached 2 using Rc=0.1 at the stage B of the dynamic model (compare Figure 5 and Figure 7 ). As the MN value 3 increases, the IOS decreases. 4
5
The CH AB-MN array presents the highest IOS, but extremely high values at AM distances similar to 6 the boreholes distance. As the MN value increases, the IOS decreases. 
Organized selection of the combinations 1
Once the configurations with the best capabilities have been detected, the selection of the most 2 suitable combinations can be made in an organized way from the analysis data results. Taking into 3 account the similar AD and IOS behavior observed using each configuration for different resistivity 4 contrasts (Figures 4 to 7) , the organized selection of the combinations is carried out in the same way 5 regardless of the resistivity contrast to be resolved. The analysis results present the CH dipole-dipole 6 AB-MN and the CH pole-tripole arrays as the best choices to migration monitoring using CHERT. In 7 order to reduce amount of data for rapid migration monitoring, where the acquisition time is a critical 8 aspect, the CH dipole-dipole AM-BN array, which shows the lowest AD and IOS, will not be taken 9 into account. The inversion models obtained using a resistivity contrast, Rc=10, show less artifacts than the obtained 4 using Rc=0.1, but the plume resistivity value is worst recovered (Figure 9 ). In this case, individual and 5 mixed inversions using the CH pole-tripole and the CH dipole-dipole AB-MN datasets are able to 6 resolve the dynamic model, but the maximum resolution is achieved using the mixed one. The 7 organized dataset is able to resolve all the stages of the dynamic model, but the anomaly resistivity 8 value at the stage C is worst recovered than using the complete mixed one. In this section we will discuss firstly the behavior observed for the AD using the CH dipole-dipole 2 arrays and secondly the symmetric artifacts that affects the inversion models using Rc=0.1. 3
4
The AD graphs in Figures 4 and 7 show that the CH AM-BN array exhibits a secondary AD peak and 5 the CH AB-MN array shows extremely high AD for all the three model stages. These maximums are 6 related to an electric potential drop for those AM and MN distances. Usually, the geometric factor is 7 used as a representative of the inverse of the electric potential for a homogeneous half-space (using a 1 8 ohm·m resistivity and an intensity of 1 A). High geometric factor values represent low potential 9 readings, and inversely. 10
11
The Figure 10 shows the general behavior of the geometric factor for the CH dipole-dipole arrays. As 12 can be seen in Figure 10A , as the MN distance increases, the geometric factor value for the 13 CH AM-BN array becomes more upright at lower AM distances, and finally there is a sign change. 14 The Figure 10B shows that the CH AB-MN geometric factor values rise highly when the AM distance 15 increases. But in this case, the lower the MN distances, the higher the geometric factor values (or the 16 lower the potential difference). In both cases, the rapid geometric factor increase means that there is a 17 sharply drop in the electric potential at those AM and MN distances. In such a situation, measurements 18 become highly sensitive, i.e. low resistivity variations, due to errors in the model responses calculation 19 or in the measured data, can be in high resistivity changes. This explains why as the MN distance 20 increases, the secondary AD peak becomes higher in the CH AM-BN array, and the existence of 21 extremely high AD and IOS values in the CH AB-MN array. 22 23 Therefore, in order to maintain a trade-off between the AD and the electric potential level using the 24 CH AB-MN array in the final organized dataset, the CH AB-MN measurements with MN=1-2 and 25 AM>±5 were avoided. Note that the AM distance can be positive or negative using the CH AB-MN 26 array (Figure 2) . 27
The inversion results highlight the benefit of using the CH AB-MN to resolve the dynamic model 1 presented here. Loke et al. (2014a) observed that the resolution of their optimized configurations 2 decreased if the configurations with both current (or both potential) electrodes in the same borehole 3 were excluded. As can be seen in this work, and in Loke et al. (2014b), the singularity acquisition 4 problems using this configuration can be removed. 5 6
CONCLUSIONS 7
The analysis of the AD and IOS allows finding a trade-off between the required resolution and the 8 available acquisition time (amount of data) for real-time monitoring. Understanding how each 9 configuration works becomes a key aspect to be successful in monitoring short and quick dynamic 10 processes, where the amount of data needs to be greatly reduced to adequate to the experiment length. 11
The AD and IOS analysis has been applied to a specific dynamic model (using specific body lengths, 12 resistivity contrasts and aspect ratio) and configurations, but it can be applied to different resistivity 13 models and electrode combinations in a straightforward way. 
